The discovery and explanation of differences among organisms is a major concern for evolutionary and systematic biologists. In physical anthropology, the discrimination of taxa and the qualitative and quantitative description of ontogenetic or evolutionary change require, of course, the analysis of morphological features. Since the 1960s, a remarkable amount of fossil material was excavated, some of it still awaiting a detailed first analysis, some of it requiring re-examination by more developed methods. While the fossil record grew continuously, a revolution in anthropological research took place with advances in computer technology in the 1980s: a handful of innovative researchers working in specialized anthropology laboratories or medical departments developed the methodological inventory needed to extract critical information from subjects in vivo and from fossilized remains. A considerable part of this information is preserved in the physically heretofore inaccessible interior of anatomical structures. Virtual Anthropology (VA) is a means of making them visible and measurable. Thus, VA also allows access to 'hidden' landmarks; in addition, the large number of semilandmarks accessible on the form enhances the power of Geometric Morphometrics analysis. Furthermore, the density information in volume data allows manipulations such as segmentation, impossible with the real, physical object. Moreover, metric body measurements generally, and cranial measurements specifically, are also an important source of information for the analysis of the ontogenetic development of the skeletal system, and-last but not least-for clinical use (e.g. , operation planning, operation simulation, p r o t he ti c s ) . T hu s , th er e d e v el o p ed a f r u i tf u l interdisciplinary cooperation between statistics, medicine, and physical anthropology.
The Importance of Virtual Anthropology for Anthropological Research
Virtual Anthropology (VA) provides procedures to investigate three-dimensional morphological structures by means of digital data sets of fossil and modern hominoids within a computer environment. 3D-data is acquired by different computer necessitating reliant processes, depending on the needs of further analysis. For surface measurements, a laser-scan can record the complete surface. If one is focusing only on landmark or contour data, simple digitizers based on magnetic field dependent systems (Polhemus Fastrak) or mechanical systems (Microscribe 3D) can fulfill a reliable and timesaving task. More expensive in every sense is the acquisition of volume data; but, once it has been recorded, it provides more freedom for many kinds of further analysis because the real object is converted into a virtual one which is an exact copy of the originallimited only by the spatial resolution of the scanning device. Medical diagnostic radiology is most often used for volume recording. This idea is not recent, as only seven years after W. Roentgen discovered x-rays, twodimensional radiographs were used to study the fossilized Krapina Neanderthals (Gorjanovic-Kramberger, 1902) . But the extension into the third dimension enhanced dramatically the possibilities of qualitative and quantitative analysis of morphology. Computed Tomography (CT), also based on x-ray technology and developed in the early 1970s, was applied to fossil studies in the 1980s by Conroy and Vannier (1984) , Wind (1984) and Zonneveld and Wind (1985) . CT is especially useful when studying fossil skeletal remains because the fossilized material delivers excellent signals. The resulting output from a CT-scanner is a 3D-data matrix (for more details see 'Electronic Preparation' section), consisting of small information units, called voxels (cf. pixels in 2D). Dedicated software can visualize the virtual object on the computer screen and allows for manipulations like scaling, magnifying, rotating, cutting, moving, measuring or imaging (Fig. 1) . A related kind of data, but acquired with a different method based on radiofrequency pulses, is produced by Magnetic Resonance Imaging (MRI). In contrast to CT, this technique is sensitive to hydrogen nuclei spin orientation a nd thu s be st a p p li ca ble to s pe ci m ens in v ivo . Mineralized bone delivers none or only weak signals but soft tissue like brain or other organ tissue is well defined. Morphological investigations can also profit considerably from these methodologies when ontogenetic processes are analyzed, suggesting mechanisms for evolutionary change. Comparative studies with primates and recent humans play a key role in this context (Semendeferi et al., 1997) . The technical details of diagnostic radiology have been reviewed many times (Vannier and Conroy, 1989) . R ec ently, a very r eadable elementary techni cal introduction from the paleoanthropologist's point of view was published by Spoor et al. (2000) , suggesting the use of radiology in this field.
Most important for the anthropological and clinical use are the striking advantages that we see when comparing VA with traditional methods of analysis: (1) the accessibility of all-including hidden-structures (e.g. endocranium, sinus, tooth roots, medullary cavity of long bones, etc.); (2) the permanent availability of the virtual objects; (3) the general accuracy and reproducibility of measurements; (4) the possibility to obtain information for advanced morphometric analysis.
To understand the potential of these high-tech methods, a brief review of substantial results achieved is essential. For our team, the story began with the Tyrolean Iceman, arguably one of the world's most spectacular archeological finds of the last decade. The intensive collaboration between radiologists and anthropologists that was established with this project was later successfully transferred to evolutionary studies. In the case of the 5,300-year-old mummy, a 3D-hardcopy of the inaccessible skull was produced to examine the anatomy. This was the first time (worldwide) that a 'stereolithographic model' was used for anthropological investigations (zur Nedden et al., 1994) . It was solely based on the CT-data of a rapidly undertaken scan of the frozen mummy, which could only leave the refrigerator environment for 30 minutes. The non-invasive approach allowed subsequent morphological investigations (Seidler et al., 1992) leading, among other things, to the conclusion that the Iceman was indeed of local origin and not a translocated fake item from some other place, like Egypt.
The transparent stereolithographic models turned out to be also helpful for questions concerning endocranial morphology in evolutionary studies. CT-scanned fossils could be recreated physically. The stereolithographic apparatus consists of a laser beam which cures a pho tos ensi tive liqui d res in layer by la yer , thu s constructing all the internal features, including cranial cavities, sinuses, nerve canals, etc. These are visible inside the transparent material and accessible if the specimen is replicated in several disassembable parts. There is a good reason for this expensive procedure: Because a representation on a computer screen is still two-dimensional and the third dimension an optical illusion, it is quite often necessary to have a tangible real model in order to understand the spatial relationships of structures. This is the major purpose of such models. Of course, conventional casts of fossil specimens can also be used and do contain some information about texture-but they do not provide information about internal features. It follows that the stereolithographic models are excellent visual aides. Some Homo heidelbergensis specimens are known for their extraordinarily pneumatized skulls. Though studies had been undertaken with radiographs and even with two-dimensional CT-data, the true extent could only be realized when stereolithographic models and 3D CT-scans were available. Moreover, the brain is certainly one of the key differences between humans and other primates, but unfortunately its development and its endocranial morphology is still poorly understood. The published reconstruction of a hominid cranium is rendered on the computer screen. To investigate the endocranial morphology, the cranium is electronically separated into three parts as per predefined landmarks. The pieces can then be moved and rotated. Coordinate measurements, distances and angles are at the investigator's fingertips at any time.
data suggests that some skulls resemble each other externally, yet this does not necessarily mean that they resemble each other internally. In studying this morphology using virtual fossils and stereolithographic models, some insights could be provided that contributed to the hotly debated origins of Neanderthals and modern humans (Seidler et al., 1997) . Another brain-related research question is the cranial c a p a c i t y w h i c h , i n a d d i t i o n t o t h e s t r u c t u r a l characteristics of the brain, can be an important item of taxonomic classification. Estimating this volume is relatively easy-if a skull is almost intact, while the task is more susceptible to observer errors in the case of fragmented skulls. Virtual endocasts of the braincase could be produced electronically in a highly reproducible way and helped to visualize and measure the cranial capacity of Australopithecus africanus specimens or archaic Homo with a minimal error (Conroy et al., 1998; Falk et al., 2000) . Basically, every cavity, whether accessible on the original specimen or not, can be extracted and treated as a separate object. Shape and size analysis of sinuses are just one other example for this technique (Rae and Koppe, 2000; Prossinger, 2000b ). An excellent contribution to morphologically important traits distinguishing species came from the examination of the labyrinth in the temporal bone, after Spoor et al. (1994) had shown that the relative size of the semicircular canals is very similar i n H . s a p i e n s and H . e r e c t u s whereas the australopithecines show great-ape-like proportions. Furthermore, some intermediate evolutionary stages, attributed to H. habilis, could be distinguished by this trait. Moreover, labyrinth morphology was used to identify specimens after the discovery that Neanderthals have derived features of inner ear morphology (Hublin et al., 1996) .
Generally, fossils have many undesirable properties stymieing the ambitious researcher. Destruction is a consequence of the taphonomic processes during the specimen's progress from biosphere to lithosphere. Once discovered, the idea of paleoanthropologists is that the finds should begin their return to their original condition to serve as reliable clues for the morphology of the assigned species, whatever this was. But fossils are not only frequently fragmented, they can also be highly interspersed with sediments. Many times, fossils have to undergo a series of procedures, where all of them are prone to subjective influences. Some specialists have achieved remarkable results in reconstructing specimens electronically (Kalvin et al., 1995; Zollikofer et al., 1995) . But the re-assemblage of fragmentary fossils-physically and/or electronically-is a very delicate problem, involving considerable knowledge about the fossil record a n d c o m p e t e n c e i n t e c h n o l o g i c a l i s s u e s . T h e reconstructions do not always meet the general scientific expectation of reproducibility of experiments and are therefore often hotly contested. The simple mechanical preparation of encrustations inherently has the same disadvantage. Both the physical reconstruction and the physical preparation tend to have the taste of a 'final' intervention where later corrections based upon a deeper knowledge are-literally-too late.
The electronic preparation of CT-data is in fact a highly sophisticated, but helpful and, above all, reversible process and can be also applied to internal structures. This lead, for example, to the first representation of the anterior cranial fossa and paranasal sinuses of the midPleistocene specimen of Steinheim (Prossinger et al, 1998) , more than 60 years after its discovery. There is also a second benefit: Preparators sometimes use artificial material to complete a partly fragmented skull. Occasionally, it is difficult to distinguish (painted) plaster from fossilized bone primarily because one fears to scratch the surface. The different gray values in CT-scans often reveal a clear answer, demonstrated in the case of the Neanderthal specimen of Le Moustier I (Thompson and Illerhaus, 1998) ; it had, by the way, an unbelievably turbulent history and is the ultimate monument to the blunders that had been made in the physical preparation and reconstruction of a fossil specimen.
These examples point out the potential of Virtual Anthropology for meaningful morphological analysis, using procedures that are similar to those applied in traditional anthropology. But Virtual Anthropology also allows for study programs that are completely novel. Per se, digital 3D-data is a source of information for morphometric analysis, no matter if it was acquired with CT-scans or MRI-scans, with mechanical surface measuring devices or by laser-scanning surfaces. Landmark coordinates, linear and angle measurements, surface areas, and volumes represent quantitative data that validate and document the evolutionary changes of species with hard numbers and permit statistical analysis o f f or m a n d s h a p e b y m e t h o d s o f G e o m e t r ic Morphometrics (Bookstein et al., 1985) . The possibility to probe every hidden structure rapidly increases the amount of data. Examples of results that became evident by morphometric comparison of mid-Pleistocene with modern hominids are elaborated in the 'Geometric Morphometric' section. In summary: we found that the forms of the inner and outer shapes of the human frontal bone are determined by completely independent factors. The morphometric analysis also indicates that an unexpected stability in anterior brain morphology was evident and this during the time when modern human cognitive capacities emerged (Bookstein et al., 1999) .
The accuracy and reproducibility of the measurements conducted on virtual objects has been well described (Richtsmeier et al., 1995; Weber et al., 1998) . Paying attention to several influencing factors, it can be concluded that measurements on virtual objects are both valid and reliable enough to be used in lieu of physical distance and volume measurements; the more so because they can also be taken of all physically inaccessible structures.
Because so many data points are available with 3D-digitizing methods, completely different approaches to morphological analysis became feasible. For example, bone thickness is an interesting feature of human evolution, though most studies fall short of offering adequate information about the structural details of a cranium since only a handful of measurements is taken. In sampling thousands of thicknesses along the surface of a bone with semiautomatic algorithms from CT-scans (Weber and Kim, 1999) , topographical thickness maps can be obtained. The evaluation of measurements shows that not necessarily the mean or maximum thickness differs between species but the pattern of thickness distribution (Weber et al., 2000a) . Or, in another example, the laser-scan based analysis of congruency of joints was used to show if a fossil tibia (OH35) and talus (OH8) can be assumed to originate from the same individual, which could, in this case, be rejected because of the three-dimensional characteristics of the articular surfaces (Wood et al., 1998) .
As mentioned, from the paleoanthropologist's view the 3D-imaging methods are not only valuable for the studies of fossils. Ontogenetic studies provide the comparable data for investigating evolutionary constraints like allometry and heterochrony. MRI is therefore also important for ontogenetic analysis with respect to phylogeny because it provides detailed visualization of soft tissue such as brain tissue (Falk et al., 1991) , cerebrospinal fluid or blood vessels. Extending the understanding of functional aspects, the possible combination of MRI-scans with overlaid CT-scans of the same extant individual clarify the relation of skeletal elements and soft tissues.
Virtual Anthropology now also supplies tools which are well applicable to medical use. An increasing number of questions concerning p oo rly known anat omical parameters can be answered with the help of the new methods. For example, a simulation of the cranial capacity increase entailed by a new surgical intervention in the case of a malignant brain edema (circular craniotomy) was conducted. The results were based on CT-data of skulls and studies on human cadavers, showing that the goal of a 10% volume increase necessary for lowering the intracranial pressure could be achieved by a moderate frontal elevation of the calotte by around 1.6 cm-without risking brain damage . Similar projects are currently underway, some dealing with the investigation of the medullary cavity of long bones for adjusting fractures, others with the shape and volume analysis of the orbitals for plastic surgery.
Reversible, Electronic Preparation Using Segmentation Algorithms
The new techniques available in Virtual Anthropology (VA) environments offer the possibility of solving some long-standing segmentation problems. Fossilized skulls rarely fossilize in isolation: they are embedded in a matrix of sediment which fossilizes along with them (or the sediment subsequently fossilizes after the bone has already done so). In both cases, the sediment and the fossilized bone have remarkably similar mineral constituents (and thus, similar attenuation in an x-ray beam). Segmentation is the methodology used to separate the two fossilized regions: the fossilized bone from the fossilized sediment (the latter usually-but not always-of little interest in itself). In the following p a r a g r a p h s , w e de s c r i b e t h e d i f fi c u l ti es o f t h e segmentation, but in such a way as to point to a methodology we have developed to overcome the attendant problems (Prossinger et al., 1998) .
We start our investigations by accessing the CT-scan data file. In a CT-scanner, one or more x-ray tubes revolve around the sample to be scanned, with a detector array d i a m et r i c al ly o p p o s i te . T he me a s u r ed a ng u l a r distribution of x-ray attenuation allows for t he reconstruction of the spatial distribution of the absorbing centers, resulting in a pattern of image elements, called pixels. This step in the process is done in a fixed plane; the pixel image plane is called a slice. Moving the tube/ detector assembly relative to the fossil by a specified distance (the so-called 'slice thickness') perpendicular to this plane for the reconstruction of further slices generates a stack of slices called the CT-scan. In practice, CT-scans rarely have slices that are as thin as the dimensions of the (square) pixels within the slice. Mathematical interpolation can reconstruct 'isovoxels', i.e., three-dimensional volume elements with three identical dimensions.
The attenuation of the x-ray beam by the fossil material depends on the electromagnetic interaction properties of the (fossilized) sample material with (medium energy) xray photons. These interaction properties are those of silicates and similar (in an electromagnetic sense) minerals. In many specimens, the attenuation of the beam is almost the same for both the fossilized bone and for the fossilized sediments. To the chagrin of the researcher, it is then difficult to determine the boundary between fossil bone and sediment because the similarity in attenuation results in nearly identical gray values in the CT-scan data file (Fig. 2a) . The segmentation methodology, therefore, can be described as: find a method that can identify the boundary. Invariably, the method (if it exists) will rely on mathematical and algorithmic techniques. In passing, we would like to stress that one advantage of algorithmic techniques is the possibility of applying different algorithm sequences to the same (virtual) specimen; all segmentation algorithms are reversible and there is no damage to the (priceless) originals. We have found that manual, conventional preparation does not always only remove sediment; there a r e p r e p a r e d f o s s i l s w i t h d a m a g e d s u r f a c e s (Berckheimer, 1933; Thompson and Illerhaus, 1998) . In contrast, electronic preparation in VA cannot damage the original.
In our research of the segmentation problem, we have devised various such methods; all are based on the strategy of using mathematically defined filters to extract image properties of the sediment that are different from those of the fossil bone. For example, the gradient filter finds the direction of 'steepest descent' (i.e., the gray values in the filter file are proportional to the maximum change in gray values of CT-scan file). Unfortunately, the steepest descent is zero in regions where the sediment and the fossil bone are fused (at least in an x-ray attenuation context). Finding the boundary between the sediment and the fossil bone will, in most cases, not be possible when applying the gradient filter.
Another filter is the mask filter. It replaces the gray value of a specific voxel in the CT-scan file with the local average of gray values in a cube of size
The mask filter thus performs a sort of averaging, which 'masks' local details (where 'local' refers to features inside the cube). An unmask filter is the difference between the file to be masked and the resultant mask algorithm output. As the name implies, it removes the averaging, thus accentuating the details and signal features within the cube.
In many fossil specimens where segmentation is a challenging task, the sediment consists of stones and grains interspersed with mixtures of various materials (Fig. 2a) . Needless to say, such mixtures will have a rather inhomogeneous attenuation structure. This rather large variation in attenuation density is what we take advantage of: the gradient file will have pronounced fluctuations in regions of inhomogeneity, and the fossil bone will be rather uniform in its attenuation structure; consequently, the bone regions in the gradient file will be almost constant (and will have very small gray values). Applying the unmask filter to the gradient file will produce a close-to-zero values in the fossil bone regions, and a rather strong multi-peaked signal in the sediment regions (Fig. 2b) .
If we now convolute the unmask-filtered gradient file with the original CT-scan file, the difference between sediment and fossil bone will be quite pronounced (Prossinger et al., 1998) . The next step is simply tedious work: we image-edit the convoluted file with suitable tools. We can outline the sediment region by, for example, setting a 'seed' and applying a contour-detecting algorithm to a suitable region around the seed. Of course, in our application the suitability will be defined by the now pronounced boundary of the multi-peaked sediment region. Image editing slice-by-slice this way will remove the convoluted sediment structure, albeit with a rather rough surface. Due to the 'probing' of the unmask filter out to a distance h in all three directions, the resultant surface has a 'jaggedness' in the order of h (Fig. 2b) . We do not smooth these surfaces with conventional interpolation algorithms, because these might (and do) introduce smoothness where there are sharp ridges and peaks in the fossil skull. Instead, we apply a combination of dilate and erode algorithms (employing jacks and cubes with suitable connectivities). Dilate algorithms apply layers to a surface and can fill cracks and small gaps. Erode algorithms will remove layers, but cannot open cracks. The attractive feature of using a sequence of dilate/erode algorithms is their non-commutativity.
How do we know when such a dilate/erode algorithm is successful? We store as an intermediate file every result of an dilate/erode application. We do not worry if the result of one such operation introduces a difference of one or two voxels in some neighborhood, but we do carefully ensure that two or more dilate/erode steps do not drift away from the (rough) surface detected by the gradient/unmask filter combination. The result is remarkably satisfactory wherever we can ascertain the resultant surface (for example, where there are anatomically unique features to be detected, such as foramena or sutures) (Fig. 2c) . We do note that the parts of the fossil crania where we have applied this segmentation methodology so successfully has no sediment any more, and the sequence of dilate/erode algorithms we have applied very, very rarely changed the surface at all (Prossinger, 1999) .
There are some straightforward applications that these methodologies (gradient/unmask filter and dilate/erode operations) can be used for. Here, we mention one that we are currently active in: detecting paranasal sinuses and endocast features. After we having produced a sediment-free virtual fossil cranium, we can set a seed in some sinus region or in the brain cavity and use contour detection to 'flood-fill' such a region to a predetermined gray scale. Thus, we can 'build up' slice-by-slice, any hollow in the cranium . We can isolate these cavities and either investigate their relation with the geometry of the fossil cranium (Prossinger et al., 2000b) or apply methods of Geometric Morphometrics.
Furthermore, we can find the volumes of paranasal sinuses or of endocasts (or of the fossil bone itself, for that matter) by simply counting the number of voxels having the specified gray scale and multiplying the volume of one (iso)voxel.
Insights Gained with Geometric Morphometrics

Methodological prerequisites
Whenever one needs to compare shapes of organisms or some of their particular structures, morphometric methods are needed. Since the proper description and statistical analysis of shape variation within and among samples of organisms and the analysis of shape change as a result of growth and evolution are basis for testing hypotheses in evolutionary theory and presenting new findings, we are highly dependent on the power of the methods used. The approaches we present here provide such opportunities to a heretofore unequalled and highly s a t i s f y i n g e x t e n t , a n d a r e t h e r e f o r e u r g e n t l y r e c o m m e n d e d a s s t a n d a r d a p p l i c a t i o n s i n anthropological studies dealing with morphometry. They are effective in capturing information about the shape of an organism combined with powerful statistical methods for testing differences in shape. They also offer the researcher visualizations of shape differences and even suggest traditional measures that could be used in simple studies (Rohlf and Marcus, 1993) .
The approach commonly used in (paleo)anthropology is now referred to as traditional morphometrics ( Reyment, 1991 ; Marc us , 1990 ) o r m ulti var ia te morphometrics (Blackith and Reyment, 1971) , even though it is only a few decades old. A summary is presented in a review (Rohlf and Marcus, 1993, p. 129) : "Traditional morphometrics are characterized by the application of multivariate statistical methods to sets of variables. The variables usually correspond to various distance measurements-as well as areas and volumes on an organism, usually captured by calipers as lengths and widths of structures and distances between landmarks. Sometimes angles and ratios are used. Applications have frequently been concerned with allometry (change in shape as a function of size) and size correction (to enable the study of shape differences among samples of organisms adjusted to a common size). The results are mostly expressed numerically and graphically in terms of linear combinations of the measured variables. Examples of the techniques used are principal component analysis, canonical variate analysis, discriminant functions and generalized distances."
The shape of the original form is not recoverable from the usual matrices of distance measurements-not even as an abstract representation-even if the data set of measurements records all possible distances between all considered landmarks. An investigator may know, for example, that several distance measurements share the same landmark, but this information is not included in the multivariate analysis. The analyses cannot be expected to be as powerful as if all information were included. Another flaw of the traditional metric approach is that, although it might occasionally be able to determine the combination of change in size and shape as something like a change in form, it certainly cannot properly distinguish variation in size from variation in shape.
The first important merit of the new morphometric methods is that the method of data recording allows to capture the geometry of the structure being studied. This is achieved by digitizing two-dimensional (2-D) or threedimensional (3-D) coordinates of the landmarks (as points), from which traditional distances may still be computed, by the way. These landmarks, as described by Bookstein (1991) , reflect a biological homology in tissues, anatomical locations and coordinates, and these versions of data are very attractive to anthropologists interested in evolutionary questions. The so-called Type I landmarks are points whose claimed homology is supported by the strongest biological evidence, such as a local pattern of juxtaposition of tissue types or a small patch of some unusual histology (Slice et al., 1998) . They don't only permit the description of shape changes but do specify which structure has moved relative to others. When Type I landmarks are impossible to locate, pseudolandmarks can be used, as they are either mathematical points whose claimed homology from case to case is supported only by geometric-rather than (fossilized or in vivo) histological-evidence. Examples are: the position of extremal curvature on a tooth (a Type II landmark), or points which have at least one deficient coordinate, like either end of a longest diameter, or the lowest point of a concavity (a Type III landmark), characterizing more than one region of the form. Finally, surfaces or outlines of a structure can be captured by sequentially digitizing along the respective curve in order to either apply routine outline methods (like Elliptical Fourier analysis) or to generate so-called semilandmarks which are allowed to change their spacing along curves according to the shape deviation from a respective reference shape. The multivariate toolkit of geometric morphometrics permits these points to be treated as landmark points in some analyses, but any possible shortcoming they embody must be kept in mind in the course of any geometric or biological interpretation (Slice et al., 1998) .
As, evidently, geometrical relationships among the landmarks are not inherent in the raw coordinates themselves, functions have to be fitted to them and the estimated parameters subjected to statistical queries. Here, a major achievement of geometric morphometrics becomes evident, namely, the synthesis of coordinate i mportance and land marks as manageable d ata, developments in shape theory, and analysis using standard univariate and multivariate statistics. From the various methods that have been developed, some are of specific significance for our own research Bookstein et al., 1999; Schäfer et al., 1999) .
Superimposition (Procrustes) methods superimpose a sequence of specimens so that corresponding landmarks match as closely as possible according to an optimality criterion. In this process, size, position and orientation are partialed out and differences in shape are recorded as residuals from the reference shape. The residuals can also be graphed as displacement vectors at each landmark. In numerous software packages there are least squares and resistant-fit methods available. Thin-plate splines compare the shape differences between two landmark configurations. Bookstein (1991) proposed the thin-plate spline interpolation formalism to visualize the differences in the positions of the landmarks by modeling the deformations taking place between the landmarks; i.e., in all regions without landmark points. Imagine a combination of landmarks printed on a thin plate and compare it with a second combination of landmarks, supposing that the differences in coordinates are taken as vertical displacements of this plate perpendicular to itself, one Cartesian coordinate at a time. The energy necessary to deform the plate at each landmark is the so-called bending energy. And, as the b e n d i n g e n e r g y i s h i g h e s t f o r t h e m o s t l o c a l deformations, its minimization in all the non-landmark areas models their position. Interpolants modeling such plate deformations are called thin plate spline functions. They are, first, a convenient solution to the problem of interpolation by constructing continuous deformation grids for data in the form of two landmark configurations (which could be the consensus configurations of the two populations under discussion) and, second, the basis for sophisticated analyses of shape difference like Partial or Relative Warps Analysis of these two configuration.
Relative Warp Analysis is applied to the thin plate spline interpolation, because it yields the general shape deviation between two landmark configurations. The shape deviation consists of different components which can be distinguished: the uniform component (the affine part) and the non-affine part. The affine part describes distortion and shear-uniform displacements for all landmarks with zero bending energy. The non-affine part comprises all non-uniform, local changes, generally with a p os i t i ve b e n d i n g e n e rg y . I n o rd e r t o o b t a in a differentiation of these local changes, one can carry out principal component analysis (PCA) from the coefficients of the eigenvectors of the bending energy matrix. The PCA lists the partial warp scores, ordered in decreasing bending energy (which is analog to a decrease in local shifts of the landmarks). "Relative warps may be thought of principal components of the set of all partial warps for a complete sample of forms as each is derived by the deformation of the mean shape" (Bookstein, 1997, p. 344) .
Two case studies
We have recently succeeded in finding answers to some long pending questions concerning the cranial shape changes during human evolution.
The first study (Bookstein et al., 1999) deals the hypothesis that the shape change of the inner frontal region does not simply reflect that of the outer one, since the endocranial shape is a response to brain morphology evolution, whereas the ectocranial morphology responds to the changing attachment geometry for the muscles of the masticatory apparatus (Prossinger, 2000a) . To clarify the relationships between hominid internal and external frontal profiles, we examined the profiles using CT scans of 16 modern human crania and five mid-Pleistocene fossil ones. These included three Homo heidelbergensis, o ne p r o to -Ne an d er th a l , a nd o ne 'c l a s s i c' Homo neanderthalensis specimen.
Traditional landmarks were located on each specimen in three dimensions. The median sagittal sections were then processed using a software package with a thin plate s p l i n e i m p l e m e n t a t i o n . S e m i l a n d m a r k s w e r e additionally located along the internal curve of the frontal bone in this plane, and also along the outer surface of the frontal bone. For each fossil, these semilandmarks were matched to a typical H. sapiens specimen along and across the curves in such a way as to minimize the bending energy of the thin plate spline (Fig.  3) .
The landmarks along the inner arc of the archaic skull profiles were then Procrustes fitted to the same points of the modern ones. These profiles fit so well that they are e s s e n t i a l l y i n d i s t i n g u i s h a b l e i n a n o p t i m a l l y superimposed scatter. The five archaic and the modern inner profiles are visually and statistically homogenous but the outer profiles differ markedly. Relative warps analysis of the outer and the inner curve separately yields exactly the same conclusion. For the outer table, analysis of the first relative warp score separates the two samples perfectly, while the relative warp scores of the inner frontal table shows that there is substantial overlap and no significant differences between them.
This result implies that mid-sagittal vault morphology has remained remarkably conservative since the midPleistocene, despite significant increase in size. This confirms that the forms of the inner and outer aspects of the human frontal bone are determined by entirely independent factors.
The second study deals with the idea that exo-and e n d o c r a n i a l b o n e m o r p h o l o g y a r e fu n c ti o n a l l y independent; we hypothesized in a follow-up study (Schäfer et al., in press) that in the median sagittal plane the whole exocranium is predominantly involved in shape changes and the endocranium in size changes. Here, our sample comprises 21 crania of modern humans, and stereolithographs of Kabwe, Petralona, and Atapuerca SH5. We measured 3D-coordinates of the main endo-and exocranial Type I landmarks in the mid-sagittal plane. A Procrustes fit over the set of all landmarks shows that the largest differences between the moderns and the fossils are in the external frontal and occipital regions. Fitting all landmarks except nasion and inion, but co-moving them, separates the mid-Pleistocenes even more clearly from the moderns. A permutation test confirms highly significant differences between the two groups at nasion and at inion with no such differences in the other landmarks. Additionally, we find that there is a significant change in exocranial Centroid Size from midPleistocene to moderns, but not in endocranial size. (Centroid Size (Dryden and Mardia 1998) , the square root of the sum of squared distances of the landmarks from the center-of-mass of all the landmarks, is a good surrogate for the intuitive assessment of size of the object under investigation.)
The discovery of invariance in internal vault curvature and the temporal stability in the overall size and shape of the endocranium in the mid-sagittal plane encourages further analyses using these methods.
T h e p o w e r a n d n e c e s s i t y o f s e m i l a n d m a r k methodology for statistical analysis
One purpose of geometric methods is-evidently-to make coordinate data accessible to statistical analysis methods. The power of these methods is based on the assumption of the homology of landmarks between different specimens. However, analyzing landmarks-as traditionally defined-restricts the information available for each specimen, since the number of points that can be defined unequivocally on every specimen is limited. Landmarks function primarily as placeholders for the shape changes occuring in the regions between them. Shape information that is encoded in curvatures is lost when the statistical analysis is based on landmarks (i.e., points) alone. Many biological forms possess only a small number of defined landmarks, while others lack them entirely, thus rendering the morphometric toolkit almost useless. Recent research is therefore trying to develop methods to include information about curving into morphometric analysis.
While in many cases it may be easy to define a curve on the surface of an object, for example the edge of a structure, it is difficult to describe curves reliably with r ef e r e nc e t o la n d m a r ks , b e ca u s e , a l th o u g h t h e uncertainty of the position of a landmark perpendicular to the curve is negligible, defining its position along the curve is uncertain. In order to include information about curvature, the concept of semilandmarks was introduced by Bookstein (Bookstein, 1991) . A semilandmark is allowed to slide along a curve or a surface until all the corresponding semilandmarks on different specimens are homologous in a statistical sense (Bookstein et al., 1999) (Fig. 4) . The position along the curve/surface of a semilandmark is dependent on the position of the surrounding "true" landmarks that constrain its shift while its position in the direction perpendicular to the curve is defined by the properties of the specimen's s h ap e . W e s e e k t h e o pt i ma l p o s i t i o n of t h e semilandmarks for subsequent statistical investigations, decreasing the variance along tangent directions (due to measurement error) and preserving the variance that is a result of shape difference. The process described above is called spline relaxation and combines the essential tools of Geometric Morphometrics: the thin plate spline and t h e P r oc r us t e s r e g is t ra t i o n . B y r e l ax i n g a l l semilandmarks against the mean form (computed as a Procrustes average of all forms), the semilandarks acquire geometric homology within the data set. The semilandmarks are not 'true' landmarks in that they cannot be defined on a single, isolated specimen-they exist only in the context of some group average. Only the coordinate normal to the outline carries information about differences between specimens or gr oups (Bookstein, 1996) .
The ability to describe curves and surfaces while not restricting oneself to 'true' landmarks opens a wide field of future research. Bookstein (1996) has successfully applied semilandmarks on curves to describe shape differences in the human brain by comparing the corpora callosa of schizophrenics with those of their physicians. H i s f i n d i n g s s u p p l i e d a v a l u a b l e i n v e s t ig a t i v e methodology, as subsequently documented by Gharaibeh et al. (2000) .
T h e me t h od o f s p l i n e r e l ax a t i o n i s b a s e d o n fundamental properties of the thin plate spline. The thin plate spline was originally used in physics to model the behavior of a thin metal plate under pressure. In morphometrics, it is used as an interpolation function of the deformation of one landmark configuration into another. Using both configurations (template and target) as input parameters, the spline interpolates the position of all points between these landmarks (Fig. 5) . The thin plate spline seeks to minimize the sum of second derivatives of the interpolation function (corresponding to the minimal bending/deformation energy of an infinitely thin plate). This minimum value is commonly referred to as bending energy. Localized deformations result in a higher contribution to bending energy than do large scale deformations, and the minimization condition results in the bending energy of affine transformations (stretching and shearing of all landmarks) being zero. The spline helps to visualize statistical summaries based on the Procrustes fits. Any vector computed in the course of multivariate analysis-often the difference of meanscan be visualized as a deformation. During relaxation the thin plate spline is not used as a visualization tool; rather, Fig. 4 Semilandmarks on curves. The two semilandmarks are allowed to slide along the tangent to the curve so as to minimize the bending energy between template and target specimen. After relaxation, the new position of the semilandmark is projected onto the curve. The sliding movement is constrained by the presence of three 'true' landmarks (solid circles).
its properties are used to find the optimal position of the semilandmarks, where optimal means "minimal amount of deformation." The parametric representation of the deformation via thin plate spline offers possibilities to estimate missing v a l u e s , a p r o b l e m o f t e n e n c o u n t e r e d i n paleoanthropology, because fossils are broken and usually incomplete and therefore landmark coordinates are missing.
While it is difficult to describe landmarks on curves without semilandmarks, it is virtually impossible to define landmarks on a smooth surface such as the exterior of the human cranium. Here, the combination of spline relaxation and Procrustes averaging leads to promising results. Figure 6 shows semilandmarks on a human cranium after spline relaxation against the average confi guration computed as the mean of Procrustes coordinates. The vectors show the shape difference between a two year old child and an adult hydrocephalic cranium. A shape analysis of two forms with such a distinct size difference shows the advantage of the methodologies described here.
The combination of spline relaxation and Procrustes methods to obtain homologous landmarks on curving forms allows us to analyze them as a whole, using all the multivariate statistical methodologies the present morphometric literature offers. Although there is no statistical distribution known for data as highly nonlinearly processed as these slid spline residuals, the p er mutation stati stic (Good, 2000) offers many possibilities to test for significance. Indeed, permutation tests are valid under minimal assumptions, so they offer a novel, distribution-free suite of hypotheses tests. Fisher (1935) had already pointed out that every parametric test is (at best) a surrogate for a permutation test. With the availability of adequately powerful desktop computers, permutation tests will become more and more the method of choice.
The semilandmarks on surfaces could prove to be the necessary toolkit for many questions investigating shape variation that had previously remained unresolved because of the limitations that are imposed by a twodimensional representation of three-dimensional forms.
The Future
This undoubtedly incomplete list of meaningful applications of Virtual Anthropology demonstrates clearly that anthropological research profits substantially from methods enabling views into the interior of structures. In the near future, an essential part of our studies will be carried out not on the real object but in a computer lab, using various kinds of digital data. Some particular questions will, of course, remain within the predominance of the classical research approach. For t h o s e w h o w a n t t o e n t e r t h e w o r l d o f V i r t u a l Anthropology, however, good news is within reach, as adequately powerful desktop computers are now available which can handle the large data files, while software developers are more often programming in a Windows NT or Linux environment. At the forefront of VA developments, some major directions for the future are: First, the enhancement of the resolution using micro-CT scans, which allows for a spatial resolution as small as 5 µm so that more kinds of analysis (including micro structures) can be undertaken with the same data material.
Second, the reconstruction of fragmented skulls using highly reproducible electronic re-assembly tools which allow for repeated attempts and which are based on statistical knowledge of object form and shape and the electronic preparation and correction for deformations.
Third, the exchange of 3D-digital data between cooperating research institutions with the goal of extended analysis of morphological variation in hominoids. A first step in this direction is the publication of the first CD-ROM with 3D-data of a fossil cranium, the Bodo specimen .
However, we need to keep in mind that we have only acquired a plethora of new tools; their application to fossil material does not guarantee meaningful results; interpretation is still the paramount obligation of a responsible scientist. Nevertheless, because the amount of information has enormously increased, prospects for novel insights are offered by Virtual Anthropology. 
